A CMOS-compatible plasmonic multimode filter capable of working in the O, E, S, C, L, and U optical communication bands is analysed. The device consists of a hybrid plasmonic waveguide with metal segments. By properly designing the segments, it is possible to pass a particular mode and diffract the others. The results of the analysis show that the device has an extinction ratio over 20 dB and an insertion loss of less than 1.6 dB across the mentioned optical communication bands.
INTRODUCTION
In complex photonic integrated circuits, it is important to control the polarization and to filter modes when using multimode waveguides and devices. Polarization control is critical in polarization diversity circuits in order to handle the polarization dependent loss, the polarization mode dispersion [1] and to split different polarizations within the circuit [2] . Those functions are normally performed with polarization rotators and polarization beam splitters [3] , [4] .
In other applications, it is desirable that the photonic integrated circuit works using one mode: mainly the fundamental TE mode. In such a case, devices like the TE-pass polarizer [5] , [6] are exploited. In a similar way, TM-pass polarizers [7] , [8] are also employed when using the fundamental TM mode.
Another possible application is to filter the fundamental TE mode from the other modes when routing the photonic integrated circuit with multimode waveguides or when injecting light by the use of edge-coupling techniques. In this case, the fundamental TE or TM mode is filtered from the rest of the modes. The advantages of silicon photonics employing multimode devices are driving interest and ongoing research [9] . In this work, we propose a multimode filter that can pass any particular mode while filtering the others. It can be used for polarization handling and in multimode circuits.
To the best of our knowledge, there are not specific performance requirements for multimode filters, so, we aim to achieve similar values to the integrated TM-and TE-pass polarizers. Regarding the characteristics of the TM-and TE-pass polarizers, it is desired that they have a high polarization extinction ration (PER), a low insertion loss (IL), a compact footprint and a broad bandwidth. Typical values are PER = 20 dB, IL = 2 -3 dB and bandwidths around 50 -100 nm [8] . A large bandwidth is desired in order to use the device in the coherent receiver, WDM, and FDM. Nevertheless, it will be useful to have a device that works across all communication bands (O, E, S, C, L, and U). The O, E, C, and L bands [10] , [11] are commonly used in germanium and silicon photonics. Other applications including wavelength converters use S and U bands [12] . A further consideration is that the fabrication of the multimode filter should be Complementary metal-oxide-semiconductor (CMOS) processes, firstly to allow integration with other silicon photonic devices, and secondly to exploit existing manufacturing capability for future mass production.
Consequently, we will target a multimode filter with similar performance that of TE-pass polarizers with an extinction ratio of 20 dB, insertion loss <1 dB, working in several optical bands (O, E, S, C, L, and U), CMOS compatibility, and having a compact footprint.
In this work, we numerically design a CMOS compatible plasmonic multimode filter based on a hybrid plasmonic waveguide (HPW) with the metal segmented to act as a grating. We design the grating to pass the desired mode and diffract the other modes supported in the multimode waveguide. The proposed solution can work over the O, E, C, L, S, and U optical communication bands with an extinction ratio larger than 20 dB and an insertion loss of less than 1.6 either a silicon photonic dielectric waveguide or a hybrid plasmonic waveguide. Hence, the same structure can be exploited in either a photonic or a plasmonic integrated circuit [6] .
OPERATIONAL PRINCIPLE
The structure of the proposed device is presented in Fig. 2 , consisting of an HPW with the metal segmented. In Fig. 2(a) , the structure of the photonic multimode filter is presented with an input/output dielectric Si waveguide. The same device concept can be used in a plasmonic circuit, in Fig. 2(b) the device has an input/output HPW.
The operational principle relies on the design of the metallic segments that act as a grating. The grating can be designed to pass a particular mode e.g. the fundamental TE 0 mode and diffract the other modes in a multimode waveguide. To design and optimize the structure, we employed a genetic search algorithm [13] . A manual method similar to our TE-pass polarizer [6] , can also be used. In this case, the work is extended to any particular mode. The design and optimization process involves the calculation of T initial , T metal . T dielectric , h gap, and the number of metallic segments represented in Fig. 2(a) .
Figure 1. Proposed plasmonic multi-mode filter: (a) excited from a dielectric silicon photonic waveguide and (b) excited from an HPW.
In order to be CMOS compatible we chose the following materials: Si, SiO 2 , and copper (Cu). We selected Cu over aluminium due to the lower plasmonic propagation losses in Cu [11] .
PERFORMANCE
We will show the performance of the multimode filter when used in a photonics circuit with multimode photonic waveguides. As an example, we selected a Si waveguide with w = 470 nm and h = 400 nm. This waveguide supports the following modes: TE 0 , TM 0 , TM 1 , and TE 1 . Other multimode waveguides can also be used. The dimensions of the multimode filter were optimized to select the TE 0 mode and diffract the TM 0 , TM 1 and TE 1 modes. The results of the optimization process gives T initial = 2 T metal = 0.5 T dielectric = 0.51 h gap = 15 nm, and 7 metallic segments, which gives a total device length of 6.5 fields of the different modes are plotted in Fig. 2(a)-(d) . It is possible to observe how the TE 0 mode propagates in the z direction while the TM 0 , TM 1 , and TE 1 diffract. The different polarization extinction ratios with respect to TE 0 are represented in Fig. 2 (e). From Fig. 2(e) , it is possible to observe that the proposed device can work in different optical communication bands with a polarization extinction ratio over 20 dB and insertion loss below 1.6 dB. The insertion loss and the polarization extinction ratios across the different optical communication bands are summarized in Table 1 . This concept can be extended to pass any particular mode in a multimode waveguide and filter the others by the proper design of the metallic segments of the HPW [8] . The same design can be used either in a photonic or a plasmonic circuit. This multimode filter has several applications when used in multimodal circuits [9] .
CONCLUSIONS
In this work, the methodology to design a CMOS compatible multimode filter consisting of a hybrid plasmonic waveguide with the segmented metal is presented. By carefully designing the segments, it will be possible to pass a particular mode and filter out others unwanted modes. The example considered here is capable of working in the O, E, S, C, L, and U optical communication bands with an extinction ratio over 20 dB and an insertion loss smaller than 1.6 dB when filtering out the TE 1 , TM 0 , and TM 1 modes.
